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1
COOLING CHANNELS IN 3DIC STACKS

This application is a divisional of U.S. patent application
Ser. No. 12/616,562, entitled “Cooling Channels in 3DIC
Stacks,” filed on Nov. 11, 2009 now U.S. Pat. No.
8,624,360 , which application claims the benefit of the fol-
lowing provisionally filed U.S. Patent Application: Applica-
tion Ser. No. 61/114,367, filed Nov. 13, 2008, and entitled
“Cooling Structures and TSV Structures for 3DIC Stacking,”
which application is hereby incorporated herein by reference.

TECHNICAL FIELD

This disclosure relates generally to integrated circuit
devices and more particularly to semiconductor dies and
packages and methods of forming the same.

BACKGROUND

Since the invention of integrated circuits, the semiconduc-
tor industry has experienced continuous rapid growth due to
constant improvements in the integration density of various
electronic components (i.e., transistors, diodes, resistors,
capacitors, etc.). For the most part, this improvement in inte-
gration density has come from repeated reductions in the
minimum feature size, allowing more components to be inte-
grated into a given chip area. These integration improvements
are essentially two-dimensional (2D) in nature, in that the
volume occupied by the integrated components is essentially
onthe surface ofthe semiconductor wafer. Although dramatic
improvements in lithography have resulted in considerable
improvements in 2D integrated circuit formation, there are
physical limitations to the density that can be achieved in two
dimensions. One of these limitations is the minimum size
needed to make these components. Also, when more devices
are put into one chip, more complex designs are required.

To solve the above-discussed problems, three-dimensional
integrated circuits (3DICs) and stacked dies are commonly
used. The dies are stacked and the integrated circuits in the
stacked dies are interconnected or routed through through-
silicon vias (TSVs).

Aknown problem in the stacked dies is the heat dissipation.
For example, when a top die is stacked to a bottom die, a heat
sink may be mounted on the top die. Accordingly, the top die
may have a good heat-dissipating ability. However, the heat
generated in the bottom die needs to travel through the top die
before it may reach the heat sink, and hence the bottom die
may suffer from the heat-dissipating problem. The problem
may become severe when the bottom die generates a lot of
heat, for example, when the bottom die is a computing die,
such as a central processing unit (CPU).

SUMMARY

In accordance with one aspect, an integrated circuit struc-
ture includes a die including a semiconductor substrate;
dielectric layers over the semiconductor substrate; an inter-
connect structure, including metal lines and vias in the dielec-
tric layers; a plurality of channels extending from inside the
semiconductor substrate to inside the dielectric layers; and a
dielectric film over the interconnect structure and sealing
portions of the plurality of channels. The plurality of channels
is configured to allow a fluid to flow through.

Other embodiments are also disclosed.
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2
BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the embodiments,
and the advantages thereof, reference is now made to the
following descriptions taken in conjunction with the accom-
panying drawings, in which:

FIGS. 1 through 18 are cross-sectional views of interme-
diate stages in the manufacturing of channels in a first wafer/
die;

FIGS. 19 through 23 are cross-sectional views of interme-
diate stages in the manufacturing of channels in a second
wafer/die;

FIGS. 24 through 26 illustrate the stacking of the first
wafer/die to the second wafer/die, the mounting of fluidic
tubes, and the conducting of cooling agents; and

FIG. 27 illustrates a top view of the channels.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

The making and using of the embodiments of the disclo-
sure are discussed in detail below. It should be appreciated,
however, that the embodiments provide many applicable
inventive concepts that can be embodied in a wide variety of
specific contexts. The specific embodiments discussed are
merely illustrative and do not limit the scope of the disclosure.

A novel integrated circuit structure, including cooling
channels and the method of forming the same, is presented.
The intermediate stages of manufacturing an embodiment are
illustrated. The variations and the operation of the embodi-
ment are discussed. Throughout the various views and illus-
trative embodiments, like reference numbers are used to des-
ignate like elements.

Referring to FIG. 1, wafer 2, which includes substrate 10,
is provided. Wafer 2 is also referred to as a bottom wafer.
Substrate 10 may be a semiconductor substrate such as a bulk
silicon substrate, although it may include other semiconduc-
tor materials, such as group III, group IV, and/or group V
elements. Semiconductor devices, such as transistors (not
shown) may be formed at the front surface/side 10a (the
surface 10a facing up in FIG. 1) of substrate 10. The back
surface/side of substrate 10 is marked as 105.

Through-substrate vias (TSVs) 20 (also denoted as 20_1 or
20_2) are formed to extend from front surface 10a of sub-
strate 10 into substrate 10. Isolation layers 21 are formed on
the sidewalls and bottom of TSV 20, and electrically insulates
TSV 20 from substrate 10. Isolation layers 21 may be formed
of commonly used dielectric materials such as silicon nitride,
silicon oxide (for example, tetra-ethyl-ortho-silicate (TEOS)
oxide), and the like. TSVs 20 include TSVs 20_2 that are
signal TSVs for conducting electrical signals, and TSVs 20_1
that are used for forming channels used to conduct a cooling
agent, such as water.

Interconnect structure 12, which includes metal lines 23
and vias 25 formed therein, is formed on front side 10a of
substrate 10 and may be connected to the semiconductor
devices. Interconnect structure 12 may include a commonly
known inter-layer dielectric (ILD) layer (such as exemplary
layer 19) and inter-metal dielectric (IMD) layers 21, which
may be formed of low-k dielectric materials having k values
lower than about 2.5, or even lower than about 2.0. Further,
passivation layer(s) (such as exemplary layer 27) may be
formed as a top portion of interconnect structure 12. The
passivation layer(s) may be formed of materials, such as
silicon oxide, silicon nitride, un-doped silicate glass (USG),
polyimide, and/or multi-layers thereof. The details of dielec-
tric layers 19, 21, and 27, metal lines 23, and vias 25 are not
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illustrated in subsequent drawings, although they may be
formed in each of the embodiments.

During the formation of interconnect structure 12, channel
structures 14 are also formed, which also include metal lines
(for example, the portions extending horizontally) and vias
(for example, the portions extending vertically). The forma-
tion of channel structures 14 and the metal lines and vias for
signal connection may include commonly known damascene
processes. Channel structures 14 may thus be formed of cop-
per, copper alloys, and the like. Further, channel structures 14
may also include diffusion barrier materials, such as titanium,
tantalum, titanium nitride, and tantalum nitride. Channel
structures 14 may include a plurality of interconnected por-
tions, each forming a metal pipe encircling a portion of the
dielectric layers. Channel structures 14 may include upper
portions vertically misaligned to lower portions and/or upper
portions vertically aligned to lower portions.

Next, as shown in FIG. 2, the portion of dielectric material
(referred to as channel dielectric material hereinafter)
encircled by channel structures 14 is removed. The removal
process may include forming mask 16 to cover wafer 2 and
then patterning mask 16, so that the channel dielectric mate-
rial is exposed, while other portions of the dielectric material
are covered. The channel dielectric material is then removed;
for example, by an isotropic etch, such as a wet etch. The
spaces left by the removed channel dielectric material are
channels 18. The etch may be stopped using copper, tungsten,
silicon, metal silicide, and the like as etch stop layers, depend-
ing on the design of the resulting channels and where the
channels end. For example, on the sidewalls of channels 18,
the copper in channel structures 14 may be used for stopping
the etch, while at the bottom of channels 18, channels 18 may
face substrate 10, and hence metal silicides, such as nickel
silicide or cobalt silicide, may be used for stopping the etch.
In an embodiment, channels 18 include main channels 18_1
and shafts 18_2 connected to main channels 18_1. The for-
mation of shafts 18_2 may help the removal of the channel
dielectric material filling main channels 18_1. Further, in the
use of the resulting integrated circuit structure, shafts 18_2
also act as channels for conducting the cooling agent.

It is noted that channels 18, as shown in FIG. 2, may be
routed through various layers of interconnect structure 12. As
a result of the channel routing, channels 18 may include
portions 18_4 and 18_5 that are in different ones of the
dielectric layers, and not vertically overlapping each other.
This provides the ability for customizing the design of chan-
nels 18, so that only the desirable portions of the dielectric
layers have channels 18 passing through, while the undesired
portions of the dielectric layers do not have channels 18
passing through. For example, some of the metallization lay-
ers (such as metal layers 1 and 2, commonly known as M1 and
M2, respectively) in interconnect structure 12 may only have
a minimum amount of channels 18 passing through, while
other portions, such as M8 and M9, may have a significant
amount of channels.

Referring to FIG. 3, mask 16 is removed, and dielectric film
22 is laminated on wafer 2. Dielectric film 22 may be a dry
film formed of polyimide, poly benzo oxysazole (PBO),
epoxy, underfill materials, or the like. Further, dielectric film
22 may be a photosensitive dry film so that the steps of
laminating and patterning dielectric film 22 are simplified. In
an exemplary embodiment, dielectric film 22 is formed of
PerMX300 permanent photoresist provided by DuPont®.
With the laminated dielectric film 22 covering channels 18,
channels 18 are sealed but not filled.

Next, as shown in FIG. 4, dielectric film 22 is patterned,
and bumps 24 are formed, with the resulting structure being
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4

shown in FIG. 5. Bumps 24 may be solder bumps. In another
embodiment, bumps 24 may be copper bumps, including a
copper region and a nickel layer (not shown) on the copper
region. Further, a thin solder layer (not shown) or thin gold
layer (not shown) may be plated on the top of the nickel layer.
Bumps 24 may be connected to the integrated circuit devices
(not shown) at the surface of substrate 10, and/or electrically
connected to signal TSVs 20_2.

FIG. 6 illustrates the polish of backside 106 of substrate 10,
so that TSVs 20 are exposed. Next, as shown in FIG. 7, a
backside lithography is performed, and mask 26, which may
be a photo resist, is formed and patterned. TSVs 20_1 are
exposed through the openings in mask 26, while signal TSVs
20_2 are covered. TSVs 20_1 are then etched through the
openings inmask 26, as shown in FIG. 8. The openings left by
the removed TSVs 20_1 are connected to the original chan-
nels 18. In other words, channels 18 expand into and through
substrate 10. The removal process may be controlled, so that
channel structures 14 remain to insulate channels 18 from the
low-k dielectric materials in interconnect structure 12. In an
embodiment, the materials of TSVs 20_1 and/or channel
structures 14 are selected to have a high etching selectivity,
for example, greater than about 100. In FIG. 9, mask 26 is
removed.

FIGS. 10 through 18 illustrate cross-sectional views of
intermediate stages in the formation of channels 18 in bottom
wafer 2 in accordance with alternative embodiments, except
that channels 18 in interconnect structure 12 are vertical and
may not have shafts. Unless specified otherwise, the materials
and formation methods of the components in this embodi-
ment are essentially the same as the like components, which
are denoted by like reference numerals in the embodiment
shown in FIGS. 1 through 9. The formation details of the
embodiment shown in FIGS. 10 through 18 may thus be
found in the discussion of the embodiment shown in FIGS. 1
through 9.

Referring to FIG. 10, wafer 2 including substrate 10 is
provided, and TSVs 20 (denoted as 20_1 and 20_2) and
interconnect structure 12 are formed. Referring to FIG. 11,
channels 18 are formed in interconnect structure 12 by etch-
ing through the dielectric materials in interconnect structure
12. TSVs 20 are thus exposed through channels 18. Further, a
diffusion barrier layer and a copper layer (not shown) may be
formed on the sidewalls of channels 18, so that channels 18
are isolated from the dielectric materials in interconnect
structure 12. Alternatively, channel structures 14 (not shown
in FIGS. 10 and 11) similar to what is shown in FIG. 1 may be
formed, except channel structures 14 in this embodiment may
not include any shaft, and hence the resulting channels 18
have smooth and vertical sidewalls. FIG. 11 also illustrates
that some of channels 18_3 are not directly over any of TSV
20. Although channels 18 3 are illustrated as isolated from
each other in the cross-sectional view in FI1G. 11, they may be
interconnected if illustrated in a top view, as shown in FIG.
27.

InFIG. 12, dielectric film 22 is formed. Accordingly, chan-
nels 18 are sealed. Next, as shown in FIG. 13, dielectric film
22 is patterned, followed by the formation of bumps 24 as
shown in FIG. 14. In F1G. 15, back surface 105 of substrate 10
is recessed by a polish, and hence TSVs 20 (including 20_1
and 20_2) are exposed. In FIGS. 16 and 17, mask 26 is
formed, through which TSVs 20_1 are removed, so that chan-
nels 18 extend from inside interconnect structure 12 into
substrate 10. In FIG. 18, mask 26 is removed.

FIGS. 19 through 23 illustrate the cross-sectionals views of
the processing of wafer 100, which is also referred to as a top
wafer. FIGS. 19 and 20 illustrate the cross-sectional views of
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the formation of a first embodiment. Wafer 100 includes
substrate 110, which may be a semiconductor substrate
formed, for example, of silicon. Substrate 110 has front side
1104, at which semiconductor devices, such as transistors are
formed, and backside 11054, at which no transistors are
formed. Further, interconnect structure 112, which includes
metal lines and vias in dielectric layers (not shown), is formed
on front side 110a. Bumps 124 are formed over interconnect
structure 112, and may be electrically connected to the semi-
conductor devices. Referring to FIG. 20, dielectric film 122 is
applied and patterned, and bumps 124 are exposed through
the openings in dielectric film 122. Dielectric film 122 may be
formed of essentially the same material as dielectric film 22 in
FIG. 9.

FIGS. 21 through 23 illustrate another embodiment for
forming top wafer 100. FIG. 21 illustrates top wafer 100,
which is essentially the same as the wafer 100 shown in FIG.
19. Next, as shown in FIG. 22, bumps 124 are formed over
interconnect structure 112. Channels 118 are also formed in
interconnect structure 112, by using, for example, etching.
Again, although not shown, metal pipes are formed on the
sidewalls of channels 118, so that channels 118 are insulated
from the (low-k) dielectric materials in interconnect structure
112. Next, as shown in FIG. 23, dielectric film 122, which
may be formed of essentially the same material as dielectric
film 22 (FIGS. 9 and 18) is formed. Some of channels 118 are
thus sealed.

FIG. 23 further illustrates the extension of channels 118
into dielectric film 122 by etching dielectric film 122. It is
observed that some of channels 118 extend into dielectric
material 122, and are used as the inlet(s) and the outlet(s) of
the cooling agent. Those channel openings not extending into
dielectric film 122 are used to route the cooling agent from the
inlet(s) to the outlet(s).

FIGS. 24 through 26 illustrate the embodiments for bond-
ing bottom wafer 2 (or the bottom dies (also denoted using
reference numeral 2) in bottom wafer 2) to top wafer 100 (or
the top dies (also denoted using reference numeral 100) in top
watfer 100). FIG. 24 illustrates the top die/wafer 100 shown in
FIG. 23 bonded to the bottom die/wafer 2 shown in FIG. 9. It
is observed that channels 118 are connected to channels 18 to
form continuous channels. Dielectric film 122 is pressed
against bottom die/wafer 2, and hence channels 118 are
sealed. Bumps 124 are bonded to the bottom die/wafer 2 and
electrically connected to TSVs 20_2.

Fluidic tubes 30 are attached to bottom die/wafer 2. F1G. 24
illustrates that one of fluidic tubes 30 is used as an inlet 30_1
of a fluid. During the operation of the stacked integrated
circuit, the fluid, which acts as a cooling agent, is fed into
inlets 30_1, so that it flows through channels 18 and 118 and
flows out of outlet(s) 30_2. Accordingly, the heat generated
during the operation of bottom die 2 is dissipated through the
cooling agent. The cooling agent also flows through channels
118 inthe top die 100, and hence also carries the heat out from
top die 100. In an embodiment, the cooling agent is de-
ionized water. In other embodiments, the cooling agent com-
prises ethylene glycol, phase change materials, or the like.

FIG. 27 schematically illustrate a top view, in which inlet
30_1, outlet 30_2, and channels 18 and 118 connecting inlet
30_1 to outlet 30_2 are illustrated. Channels 18 may or may
not include shafts 18_3.

FIG. 25 illustrates top die/wafer 100 shown in FIG. 20
bonded to bottom die/wafer 2 shown in FIG. 18. It is observed
that no channel is formed in top die/wafer 100, and hence only
bottom die 2 is cooled by the cooling agent.

FIG. 26 illustrates top die/wafer 100 shown in FIG. 23
bonded to the bottom die/wafer 2 shown in FIG. 18. It is
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observed that channels 118 are connected to channels 18 to
form continuous channels, so that the cooling agent may flow
through both channels 118 and 18, and hence both top die 100
and bottom die 2 may both be cooled. Again, dielectric film
122 is pressed against bottom die/wafer 2, and hence channels
118 are sealed.

In the embodiments, channels for conducting the cooling
agent are formed on the front sides of bottom dies and possi-
bly top dies. During the operation of the bottom dies and top
dies, the heat generated in the bottom dies may be carried
away by the cooling agent that is flowing through the bottom
dies. This results in a significant increase in the heat dissipat-
ing ability, particularly for the bottom dies. Accordingly, the
embodiments may be used for dies that generating a greater
amount of heat, such as central processing units.

Although the embodiments and their advantages have been
described in detail, it should be understood that various
changes, substitutions and alterations can be made herein
without departing from the spirit and scope of the embodi-
ments as defined by the appended claims. Moreover, the
scope of the present application is not intended to be limited
to the particular embodiments of the process, machine, manu-
facture, and composition of matter, means, methods and steps
described in the specification. As one of ordinary skill in the
art will readily appreciate from the disclosure, processes,
machines, manufacture, compositions of matter, means,
methods, or steps, presently existing or later to be developed,
that perform substantially the same function or achieve sub-
stantially the same result as the corresponding embodiments
described herein may be utilized according to the disclosure.
Accordingly, the appended claims are intended to include
within their scope such processes, machines, manufacture,
compositions of matter, means, methods, or steps. In addi-
tion, each claim constitutes a separate embodiment, and the
combination of various claims and embodiments are within
the scope of the disclosure.

What is claimed is:

1. A method comprising:

forming a wafer comprising:

forming a first interconnect structure comprising metal
lines and vias in first dielectric layers, wherein the first
interconnect structure is on a front side of a first semi-
conductor substrate;

forming a first plurality of channels with at least a por-
tion in the first dielectric layers; and

laminating a dielectric film over the first interconnect
structure and sealing portions of the first plurality of
channels, wherein the portions of the first plurality of
channels are configured to allow a fluid flowing
through.

2. The method of claim 1, wherein the step of forming the
first plurality of channels comprises:

forming through-substrate vias (TSVs) in the first semi-

conductor substrate;
after the step of forming the first interconnect structure,
etching the first dielectric layers to form the first plural-
ity of channels in the first interconnect structure; and

removing the TSVs to extend the first plurality of channels
into the first semiconductor substrate.

3. The method of claim 2, wherein the step of removing the
TSVs is performed after the step of laminating the dielectric
film.

4. The method of claim 1, wherein the first plurality of
channels comprises:

a first portion routing in a first layer of the first dielectric

layers and not in a second layer of the first dielectric
layers; and
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a second portion routing in the second layer and not in the
first layer, wherein the first portion and the second por-
tion are vertically misaligned.

5. The method of claim 1, wherein the forming the first

plurality of channels comprises:

during the step of forming the first interconnect structure,
forming metal lines and vias in a form of interconnected
metal pipes, with materials of the first dielectric layers
filling the metal pipes; and

removing the materials of the first dielectric layers in the
metal pipes.

6. The method of claim 1 further comprising bonding a

second die to a first die in the wafer.

7. The method of claim 6, wherein the second die com-
prises:

a second semiconductor substrate;

asecond interconnect structure comprising metals and vias
in second dielectric layers and on a front side of the
second semiconductor substrate; and

a second plurality of channels in the second dielectric
layers, wherein after the step of bonding the second die
to the first die, the first plurality of channels and the
second plurality of channels are interconnected.

8. The method of claim 6, wherein the second die com-

prises no channel connected to the first plurality of channels.
9. The method of claim 1 further comprising attaching a
first fluidic tube and a second fluidic tube to an inlet and an
outlet of the first plurality of channels, respectively.
10. The method of claim 9 further comprising conducting
a cooling agent into the first fluidic tube, wherein the cooling
agent flows through the first plurality of channels to the sec-
ond fluidic tube.
11. A method comprising:
forming a wafer comprising:
providing a first semiconductor substrate;
forming a plurality of through-substrate vias (TSVs) in
the first semiconductor substrate;

forming a first interconnect structure comprising metal
lines and vias in first dielectric layers and on a front
side of the first semiconductor substrate, wherein the
metal lines and vias form interconnected metal pipes
encircling portions of the first dielectric layers;

removing the portions of the first dielectric layers
encircled by the interconnected metal pipes to form a
first plurality of channels in the first dielectric layers;

laminating a dielectric film on the first interconnect
structure and sealing the first plurality of channels;

polishing a backside of the first semiconductor substrate
to expose the plurality of TSVs; and

removing the plurality of TSVs to extend the first plu-
rality of channels into the first semiconductor sub-
strate.

12. The method of claim 11 further comprising attaching a
first fluidic tube and a second fluidic tube to a first one and a
second one of the first plurality of channels left by the
removed TSVs.
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13. The method of claim 11, wherein the step of removing
the TSVs is performed after the step of laminating the dielec-
tric film.

14. The method of claim 11, wherein the first plurality of
channels comprises:

a first portion routing in a first layer of the first dielectric
layers and not in a second layer of the first dielectric
layers; and

a second portion routing in the second layer and not in the
first layer, wherein the first portion and the second por-
tion are not vertically overlapped.

15. The method of claim 11 further comprising bonding a

second die to a first die in the wafer.

16. The method of claim 15, wherein the second die com-
prises:

a second semiconductor substrate;

a second interconnect structure comprising metal lines and
vias in second dielectric layers and on a front side of the
second semiconductor substrate; and

a second plurality of channels in the second dielectric
layers, wherein after the step of bonding the second die
to the first die, the first plurality of channels and the
second plurality of channels are interconnected.

17. The method of claim 11 further comprising attaching a
first fluidic tube to a first opening left by a first one of the
removed TSVs and a second opening left by a second one of
the removed TSVs.

18. A method comprising:

forming a through-substrate via (TSV) extending into a
semiconductor substrate;

forming an interconnect structure comprising dielectric
layers and metal features in the dielectric layers, wherein
the interconnect structure is on a front side of the semi-
conductor substrate, and the metal features form inter-
connected metal pipes encircling a region of the inter-
connect structure;

etching portions of the dielectric layers in the region to
form a first channel in the dielectric layers;

sealing the first channel with a film, wherein the film and
the TSV are on opposite sides of the interconnect struc-
ture;

polishing a backside of the semiconductor substrate to
expose the TSV;

etching the TSV to form a second channel in the semicon-
ductor substrate; and

etching a metal feature exposed to the second channel to
interconnect the first channel and the second channel as
a continuous channel.

19. The method of claim 18 further comprising attaching a

fluidic tube to the second channel.

20. The method of claim 18, wherein the semiconductor
substrate is comprised in a first die, and the method further
comprises bonding a second die to the first die.
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